INTRODUCTION
In recent years, several papers have been published concerning the extent of genetic differentiation within and between populations of several species of the genus Littorina (e.g., Snyder and Gooch, 1973; Berger, 1977; Ward and Warwick, 1980; Wilkins and O'Regan, 1980; Mastro et a!., 1982; Moyse et al., 1982; Janson and Ward, 1984; Ward and Janson, 1985) , a genus which comprises an important group of marine intertidal molluscs. In these studies, the genetic nature of the observed enzyme variation has been inferred, explicitly or implicitly, either by comparison with zymogram patterns of other animal species where formal breeding studies have been carried out or by comparison of phenotype distributions with the genotype distributions expected for genes in Hardy-Weinberg equilibria. Although such assumptions of Mendelian inheritance almost always prove well-founded, post-translational modification may sometimes produce enzyme variability that can be mis-scored as genetic variation. Hence, where possible, it is wise to confirm the validity of any genetic interpretations.
In the present paper, we present data from laboratory breeding experiments using L. saxatilis (= L. rudis) and 10 polymorphic loci which show that for these loci previously held genetic interpretations are indeed correct. The loci considered are mannose phosphate isomerase (Mpi), phosphoglucose isomerase (Pgi), phosphoglucomutases 1 and 2 (Pgm-1, Pgm-2), aspartate aminotransferases 1 and 2 (Aat-1, Aat-2), aminopeptidase-2 (Ap-2), leucine aminopeptidase-1 (Lap-i), octanol dehydrogenase (Odh) and isocitrate dehydrogenase-2 (Idh-2). We have also looked for evidence of linkage between many of these pairs of loci. Esterase variation is not considered in the present paper; here patterns are complex and, although clearly inherited, a final genetic model has yet to be formulated. Two of the successful crosses were between males of L. saxatilis and females of the closely related species L. arcana, and one cross was between a female L. saxatilis tenebrosa (= L. ten ebrosa) and a male L. saxatilis. Similar, although less extensive, breeding experiments have been carried out in a few other molluscan species such as the marine bivalves Pecten maximus (Beaumont et a!., 1986) , Mytilus edulis (Hvilsom and Thiessen, 1984) , and Mercenaria mercenaria (Adamkewicz et a!., 1984) , and the terrestrial gastropod Cepeae nemoralis (Brussard and McCracken, 1974; Oxford, 1975; Johnson, 1979) . MATERIALS 
AND METHODS
Immature females, most of whom were taken from wild populations although some were laboratory 234 R. D. WARD, T. WARWICK AND A. J. KNIGHT raised, were paired with wild-caught males, and the pairs isolated until live young were seen. Most crosses were between pairs of Littorina saxatilis, although some were between L. arcana females and L. saxatilis males. A full description of the breeding technique is given by Warwick (1983) . When sufficient live young were seen, often after repeated matings, the parents were sacrificed and screened for electrophoretically detectable enzyme variation using the methods of Ward and Warwick (1980) . If the presumed parental genotypes were such that screening of the offspring would provide useful information, individuals of the Fl generation were reared to a size of 25-40 mm and then electrophoresed. Each animal was homogenised in 25 l of 02 M Tris-HC1, pH 80, providing sufficient extract for at least nine enzymes to be screened if desired. Locus and allele designations follow Ward and Warwick (1980) and Janson and Ward (1984) .
RESULTS
The sources of animals used in the crosses are given in table 1. Many more crosses were established than indicated here, but some failed to produce offspring and in some others the parental genotypes proved insufficiently informative to merit screening of the progeny.
Littorina saxatilis is ovoviviparous, and laboratory crosses within this species resulted, as expected, in females producing live young, "crawlaways". L. arcana is oviparous, laying egg masses from which the crawlaways emerge, and it is interesting to note that in the laboratory, female arcana will mate with male saxatilis and produce egg masses and viable offspring. The progeny of two such crosses, numbers 1211 and 1625, are analysed here. The reciprocal cross has repeatedly failed to produce viable offspring. Crosses between pairs of L. arcana, although not described in the variety and a typical male saxatilis. Although it has been suggested that the form tenebrosa might be a distinct species within the saxatilis complex (e.g., Fretter and Graham, 1980; Smith, 1982) , recent morphological and genetical analyses indicate that it is best thought of as an ecotype of L. saxatilis .
Segregation of alleles at single loci
Breeding data are given in tables 2-6. In these tables, the identification number of the cross, parental genotypes, numbers and genotypes of offspring scored, fits to Mendelian expectations, and numbers of contaminants, are given. Contaminants are those individuals in the analysed progeny that had genotypes inconsistent with the parental genotypes at one or more of the loci scored in that progeny set. Progeny were normally scored for between five and seven loci, including the highly polymorphic esterases, and generally the contaminants had inconsistencies at two or more of these loci. Such aberrant individuals are much more readily explained by contamination than by high mutation rates or gene conversion events. The source of this contamination is not known for certain, but in the rearing of the progeny algal-covered pebbles are taken from the sea shore to act as a food source (Warwick, 1983) . These pebbles were carefully inspected and any littorinids detected removed, but it is possible that a few juveniles were occasionally transferred from the shore into the culture dishes. This contamination rate is low: for example, in the Mpi crosses (table 2), a total of 924 juveniles were scored of which 12 were classified as contaminants (1.30 per cent) and 912 as true offspring. For other loci, the contamination rate was frequently below 1 per cent.
With respect to Mpi, 13 crosses were analysed (table 2) . In previous population surveys (e.g., Ward and Warwick, 1980; Ward and Janson, 1985; , three alleles have been identified at the Mpi locus, viz., Mpi120, Mpi10° and Mpi75, but it has been noted that the Mpi12° allele is a compound allele comprising two alleles of similar mobility that cannot always be unambiguously distinguished (Janson and Ward, 1984) . In the parents and progeny examined in the breeding experiments, we were able to distinguish these two alleles, which are designated here Mpi12° and Mpi"5. All four alleles behave as true Mendelian genes, and progeny numbers of all crosses accorded with Mendelian expectations. Data for the Pgi locus are presented in table 3. Again, we have previously noted that the allele we commonly term Pgi10° is a compound allele (Janson and Ward, 1984) , and in cross 872 we were able to distinguish the two alleles, here designated Pgi10° and Pgi98. Nine often crosses produce progeny in accord with Mendelian expectations, but cross 1918 showed a significant deviation (P = 0.027). Here, observed (and expected) progeny numbers were 77 (92) Pgi100/Pgi'°° and 107 (92) Ward, 1984) , but the products of this locus are too significant heterogeneity between crosses (table 3) .
weak to score in laboratory reared juveniles. Eight Thus it seems likely that the heterozygote excess crosses were analysed for the Pgm-1 locus and observed in the progeny of cross 1918 is a sampling eleven for Pgm-2. All progeny ratios accorded with there is genetically determined activity variation within the Pgm-210° allele.
Eight crosses were analysed for Aat-1 (table  5) , and in each case, progeny numbers accorded with Mendelian expectations. With respect to Aat-2, progeny were observed to be segregating in a cross (1913) whose parents had not, unfortunately, been scored for this locus. However, these progeny segregated in a 1: 1 ratio, and it seems likely that they resulted from an Aat-2'°°/Aat-2100x
Aat-2100/Aat-2115 cross. Progeny analysis of a later cross whose parents had been typed (cross 2429) showed normal segregation.
Single crosses segregating for alleles at the Ap-2, Lap-i and Idh-2 loci were scored, and progeny numbers accorded with expectations (table 5) .
Three crosses were segregating for alleles at the Odh locus (table 5) and progeny crosses in two of these accorded with expectation. However, in the remaining cross (1211), a just significant deviation was observed (P = 0046). Here, the two parents were both of the 0dh100/Odh'°5 genotype, and the progeny numbers (with expected values) were as follows: 29(25.5) 0dh100/Odh'°°, 39 (51) 0dh100/Odh'°5, 34 (25.5) Odh'°5/Odh'°5. This deviation may have arisen because the male parent had an abnormally low activity Odh'°° allele, so that some Odh 100/0dh105 heterozygotes may have been mistakenly scored as 0dh105/0dh105 homozygotes, or it might simply have arisen through sampling error.
There is no indication of a general excess of homozygous or heterozygous individuals amongst the progeny of segregating crosses. This data is summarised in table 6. The total observed and expected numbers of heterozygotes and homozygotes respectively are 1937 and 194725, and 1626 and 161575. These differences are non-significant (=0i19, P>0.05).
Linkage relationships
Linkage relationships between pairs of loci could be examined in two types of crosses: (a) where one parent was heterozygous for the two loci in question and the other parent homozygous, and (b) where one parent was heterozygous for the two loci and the other parent differently heterozygous at one locus and homozygous at the other. If Pgi and Pgm-1 were linked, and if in the female parent the Pgi10° and Pgm-1105 alleles were in coupling, then the first two genotype classes (Set A) would be the parental types, and the second two genotypes (Set B) would be recombinants.
Since the animals used in these crosses have come from wild populations and are of unknown linkage phase, we test for linkage by comparing the total number in set A with the total number in set B, producing a chi-square with a single degree of freedom. In this cross, the total chi-square for a 1: 1: 1: 1 segregation has three degrees of freedom. Again, the test for linkage is to compare the total number in set A with the total number in set B, to give a chi-square with one degree of freedom, and the total chi-square for a 1: 1: 1: 1: 1: 1: 1: 1 segregation has seven degrees of freedom.
For convenience, we have designated the most populous set as set A in all our crosses.
Five loci (Pgi, Mpi, Pgm-1, Pgm-2, Aat-1) were studied for all possible pairwise linkage comparisons, and the remaining five loci (Ap-2, Odh, Lap-i, Aat-2 and Idh-2) enabled some additional comparisons to be made. A summary of results is provided in table 7, with a fuller presentation in the Appendix.
Of the five loci that could be studied for all possible comparisons, only the Mpi and Aat-i loci gave results indicative of loose linkage. The three crosses gave linkage chisquare values of 690 (P=0.009), i68 (P= 0.195) , and 185 (P=0.i74) respectively, summing to 1043 (3 d.f., P = 00i5). The recombination fraction, assuming the set A individuals are the parental types, is 041 (109/264). Unfortunately, since we cannot be certain that the set A individuals are parental types, this recombination fraction must be regarded as provisional, and we cannot partition the summed chi-square into deviation and heterogeneity components.
With respect to the Mpi: Pgi and Mpi: Pgm-1 locus pairs, one out of six and one out of five progeny sets respectively gave significant linkage chi-square values, but for both pairs of loci the summed chi-square values are non-significant (x2= i158, 6d.f., P=007, and X2'7'09, 5d.f., P=02i4).
Three further pairs of loci showed some signs of linkage (Pgi: Lap-i, Pgi: Odh, Aat-1: Odh) but in each case the x2 value is only just significant at P=005, and in each case only a single cross yields usable data.
Two crosses used L. arcana females. The 1211 cross looked at Mpi: Pgm-2 linkage, and the arcana here was doubly homozygous. The 1625 cross looked at linkage between Pgm-i, Pgm-2 and Aat-i, and only for the Pgm-i locus was the arcana heterozygous (as was the male saxatilis). Thus these crosses can justifiably be claimed to be looking at linkage in the saxatilis genome. 
DISCUSSION
Segregation of alleles at all 10 of the polymorphic loci examined (Mpi, Pgi, Pgm-l, Pgm-2, Aat-l, Aat-2, Ap-2, Lap-i, Odh, Idh-2) in Littorina saxatilis followed Mendelian expectations, and thus earlier genetic interpretations of gel patterns can be regarded as valid. Variants at an eleventh locus, purine nucleoside phosphorylase (Np) have also been shown to segregate normally (Knight and Ward, 1986) . If the ten loci described in the present paper are considered, 45 pairwise linkage comparisons are possible; at present we have data on 22 of these. Littorina saxatilis has a haploid count of 17 chromosomes (Janson, 1983) , so the lack of evidence for strong linkage is not perhaps surprising. On the other hand, the a priori probability that all 10 of these loci are on separate chromosomes is low (P =0.035). Mallett et a!., (1985) observed that at four of six loci screened in the progeny of the mussel, Mytilus edulis, the overall number of heterozygotes was significantly less than that expected from the parental genotypes. They proposed that genotypedependent larval mortality was the primary cause of the heterozygote deficits frequently observed in natural populations of this mollusc. Deviations from Hardy-Weinberg expectations are uncommon in L. saxatilis (Ward and Warwick, 1980; Janson and Ward, 1984) , and, in the laboratory crosses detailed here, there are no indications of significant genotype-dependent larval mortality. This paper also shows that female L. arcana will cross with male L. saxatilis, at least in the laboratory, and viable offspring are produced.
However, attempts at carrying out the reciprocal cross have been unsuccessful. Although these two species have differing reproductive modes, saxatilis being ovoviparous and arcana oviparous, they are morphologically (Hannaford Ellis, 1979) and genetically (Ward and Warwick, 1980; Ward and Janson, 1985) closely related, with a genetic identity value of around 095. No diagnostic locus has yet been identified to facilitate study of the reproductive dynamics of these two species when sympatric, but the differences in gene frequency found in sympatric populations (Ward and Warwick, 1980; Ward and Janson, 1985) seem unlikely to result from physical or gametic barriers to the production of hybrids. We do not yet know whether hybrid individuals are sterile or fertile.
Breeding experiments are continuing to investigate further enzyme loci, including the complex esterases, and animals of known linkage phase are being produced to act as parents in future generations. The genetics of shell morphology (colours,
